Introduction-The number of persons aged over 90 years will grow significantly in coming decades. This group has the highest rates of dementia, most commonly Alzheimer's disease (AD).
Introduction
The oldest-old is the fastest growing segment of the population in many countries [1] . Over the next 50 years, the number of persons aged 90 years and older in the United States (U.S.) is expected to grow over six-fold and the resources needed to care for them will increase significantly [2] . The prevalence of dementia among persons 90 and older is high and Alzheimer's disease (AD) is the most significant cause of dementia. Other causes, aside from AD, are also significant contributors to the high prevalence of dementia among the oldest-old [3] [4] [5] .
Considerable resources and efforts are now focused on developing interventions to reduce risk of AD. Monoclonal antibodies attempt to increase clearance of amyloid-β peptide (Aβ) and beta secretase inhibitors attempt to limit production. While anti-Aβ interventions have been largely unsuccessful in symptomatic persons [6] , clinical trials are underway to determine if intervening before the development of significant brain damage will be successful [7] . An important public health question is, if such interventions are ultimately successful in reducing AD pathology, including both Aβ deposits and neurofibrillary tangles, then what is the downstream impact on the total burden of dementia among the oldest-old.
Previous studies have examined the importance of multiple pathologies in explaining the high prevalence rates of dementia among the oldest-old [3] [4] [5] as well as among younger segments of the elderly population [8] . Studies have also examined the impact of lifestyle risk factor reduction on AD prevalence [9] . The objective of this study was to estimate the percentages and numbers of total dementia cases among the oldest-old that could be averted if future interventions are successful in reducing AD pathology.
Methods

Study Population
The 90+ Study is a longitudinal study of aging and dementia among persons aged 90 years and older, which was initiated in 2003 [10] [11] [12] . Members of the cohort were originally members of the Leisure World Cohort Study (LWCS), an epidemiological study of persons in a California retirement community. Participants in The 90+ Study were assessed at baseline and periodic follow-up visits with neurological examinations and a neuropsychological test battery. If participants were unable to complete a full in-person evaluation, then information was obtained by telephone or with informants Dementia status at last follow-up visit was determined post-mortem using DSM-IV criteria during a consensus conference. All available longitudinal information including neurological exams, neuropsychological test scores, informant questionnaires, medical records, and neuroimaging when available, was used for dementia determination. The diagnostic conference was led by one of the authors (CK) with all conferees blinded to the pathological evaluation [5] . Study participants were also invited to be part of an autopsy sub-study [13] . Some additional participants were also recruited for the autopsy sub-study from the same geographic area but who were not members of the original LWCS. As of May 1, 2015, 212 participants in The 90+ Study had been autopsied, of whom 188 were members of the original LWCS. We compared characteristics of persons who participated in the autopsy study to non-autopsy participants who died during the study period using Fisher's exact tests and two sample t-statistics.
The pathological evaluations were performed by board-certified neuropathologists blinded to clinical diagnoses. Joshua Sonnen, M.D. performed evaluations pertaining to microinfarcts using the same methodology he applied in other population-based cohorts [14, 15] . Ronald Kim, M.D. performed evaluations for all other pathologies. Further details regarding the protocol for the neuropathological evaluations are provided in an earlier publication [5] .
Intervention scenarios for AD
We used AD NIA Reagan criteria for assessing the extent of the neuropathological changes associated with AD [16] . The criteria are based on two main components of AD neuropathological change: neuritic plaques associated with amyloid Aβ deposits and neurofibrillary tangles. The Braak and Braak tangle stage [17] and the Consortium to Establish a Registry for AD (CERAD) neuritic plaque scoring system [18] were used to construct the AD NIA Reagan criteria. We recognize that revised criteria for assessing plaque accumulation have been developed based on the Thal phase of Aβ distribution in the brain [19] ; however the majority of autopsies we report here were done prior to 2013 before the revised criteria were available. The autopsy results on the participants were classified into four categories: (1) No AD pathology (tangle stage=0 or CERAD plaque=none; (2) Low level of AD pathology defined as plaque=sparse and tangle≥1, or plaque=moderate/ frequent and tangle =1 or2; (3) Intermediate level of AD pathology defined as plaque= moderate and tangle≥3, or plaque = frequent and tangle=3 or 4; (4) High level of AD pathology defined as plaque=frequent and tangle≥5.
We considered four intervention scenarios aimed at reducing AD pathology. Scenario A (modest reduction in AD pathology) is an intervention that reduces high levels to intermediate levels (as defined by AD NIA Reagan criteria). Scenario B (moderate reduction of AD pathology) is an intervention that reduces high levels to intermediate levels and also intermediate levels to low levels. Scenario C (substantial reduction of AD pathology) is an intervention that reduces intermediate and high levels to low levels. Scenario D (complete elimination of AD pathology) is an intervention that succeeds in reducing all levels of AD pathology to no AD pathology.
Statistical Methods
To evaluate the impact of the intervention scenarios on dementia prevalence, we fit a logistic regression model using the data on 212 autopsied participants of The 90+ Study to predict the probability of dementia at the last follow-up prior to death where the predictors of risk were brain pathologies and other covariates such as demographic variables. The model was of the form where p is the probability of dementia at last follow-up, and Z are indicator variables indicating AD pathology (using NIA Reagan criteria, Z 1 =1 if low, Z 2 =1 if intermediate and Z 3 =1 if high, and all the Z's are 0 if no AD pathology); W is a vector of multiple indicator variables that identifies the presence or absence of other brain pathologies including microinfarcts, hippocampal sclerosis, amyloid angiopathy, white matter disease (subcortical arteriolosclerotic leukoencephalopathy), lacunes or large infarcts, Lewy Body Disease, and other brain pathologies; and X is a vector representing other predictors of dementia including age at death, gender, education (college graduate), and APOE status. Interaction terms between high Alzheimer's disease pathology and other pathologies were also considered.
For each scenario, we identified the n 1 dementia cases whose AD pathology is targeted to be changed by the intervention, and the n 2 dementia cases whose AD pathology is not targeted to be changed. For example, for Scenario A (which targets only persons with high levels of AD pathology) n 1 is the number of dementia cases with high level of AD pathology (i.e., Z 3 =1), and n 2 is the number with no, low or intermediate levels of AD pathology. We calculated the predicted probability of dementia p̂ for each of the n 1 dementia cases targeted by the intervention using the logistic regression model. See Supplementary Material for details. A key assumption we make is that only the AD pathology variables (the Zs) change as a result of the intervention while the other predictors (i.e., W and X) remain fixed. We further discuss the underlying assumptions in the Discussion Section. If the intervention had been successful in reducing AD pathology among the n 1 targeted cases, then the total projected number of dementia cases we would have expected among the study participants is .
The estimated fraction (f) of the total number of dementia cases in The 90+ Cohort that could have been averted by an intervention I is the difference between the dementia prevalence rate with intervention (P(D|I)) and without the intervention (P(D)) divided by the prevalence without the intervention. We have (1) which is estimated by Brookmeyer et where n= n 1 + n 2 is the total number of observed dementia cases.
The 90+ Study and the autopsied participants in particular are not representative of all persons over the age of 90 in the U.S. While the gender distributions are similar (69% women among the autopsied participants in The 90+ Study versus 74% in the U.S), the educational levels are very different (50% are college graduates among the autopsied participants in The 90+ Study versus 14% in the U.S [2] ). Accordingly, we adjusted f by calculating P(D|I) and P(D) standardized to educational levels in the 90+ population of the U.S. We outline the adjustment method to standardize to strata (e.g., education) as follows. Let N s represent the numbers of persons in The 90+ Study in stratum s of whom n s have dementia, and of those, n 1s is the number of demented cases with AD pathology targeted by the intervention and n 2s is the number of dementia cases not targeted by the intervention (n s = n 1s + n 2s ). Then the prevalence rate of dementia in the absence of intervention adjusted to the U.S population distribution among strata is (2) where w s is the proportion of the oldest-old in the U.S. in stratum s (e.g., w 1 =0.14 are college grads, w 2 =0.86 are not college grads).
The projected prevalence rate of dementia adjusted to the U.S. population distribution assuming that intervention scenario I is successful in reducing AD pathology is,
The adjusted f is obtained by inserting equations 2 and 3 into equation 1. Confidence intervals (CI) for P(D), P(D|I) and f were obtained by bootstrapping as follows. For each bootstrap sample we resampled with replacement 212 persons, refit the logistic regression model and recalculated P(D), P(D|I) and f. We performed 2000 bootstraps and used the bias-corrected accelerated method to obtain 95% confidence intervals [20] . The calculations were implemented in the statistical programming language R.
We projected the numbers of dementia cases in the absence of an intervention by multiplying U.S. Census Bureau population projections of the 90+ population [21] by equation 2 for P(D) which adjusts for the educational differences between The 90 Study participants and the U.S. population of the oldest old. Similarly, we projected the numbers of dementia cases with each intervention scenario (adjusted for educational differences) by multiplying the U.S. census population projections by equation 3 for P(D|I). We obtained estimates for 2015, 2030 and 2050. We estimated the numbers of dementia cases that could be averted by the differences between the projected numbers of cases with and without interventions. We also accounted for sources of uncertainty in our projections by considering the low and upper U.S Census projections together with the bootstrapped confidence intervals for the dementia prevalence rats P(D) and P(D|I). Specifically, we obtained plausible lower bounds for the numbers of dementia cases by multiplying the lower U.S census projections by the lower end of the confidence interval for the prevalence rates and an upper bound by multiplying the upper U.S. census projections by the upper end of the confidence interval for the prevalence rates.
Results
As of December 31, 2013, The 90+ Study had enrolled 978 participants who have had at least one in person-visit. Of those participants, 784 had died between January 1, 2003 and December 31, 2013, and among those deceased participants, 212 had completed autopsies and the other 572 either chose not to have an autopsy (N=565) or the full pathological evaluation was not done (N=7). We compared the 212 autopsied participants included in the study to the 572 persons who died during the study period but were not autopsied. The autopsied participants were slightly older at age of death (mean 97.8 versus 97.0 years of age). We compared the autopsied participants, the non-autopsied deceased, and the U.S population of the oldest old ( [2] , if available) with respect to various attributes ( Table 1) . The autopsied participants tended to be more highly educated (50% among the autopsied were college graduates vs 38% among the non-autopsied, p< .002). The proportion of college graduates in the U.S. aged 90 and older is 14%. There was a trend for men (vs. women), APOE-e4 carriers (vs. non-carriers) and persons without diabetes (vs. with diabetes) to more likely be autopsy participants (.05 <p<.10) than the non-autopsied participants of The 90+ Study. Autopsied and non-autopsied groups did not significantly differ in percentages with reported histories of high cholesterol, stroke, heart disease, or hypertension, or with a diagnosis of dementia at last evaluation.
Of the 212 autopsied patients, 45 (21.2%) had frequent plaques, 28 (13.2%) had tangle stage VI, and 21 (9.9%) had both frequent plaque and tangle stage VI. Of the 212 autopsied participants, 110 had dementia and 102 did not have dementia at last follow-up. Of the 110 dementia cases, 44 were incident cases over the follow-up period. The mean number of years between dementia diagnosis and death was 4.8 and the median was 4.0 years. The mean number of days between last follow-up and death was 156 days and the median was 118 days. The prevalence of dementia increased with level of AD pathology (NIA Reagan criteria) in a dose-response relationship from 30% with no AD pathology to 74% with a high level of AD pathology. Table 2 gives numbers and % of autopsied persons in The 90+ Study with the different pathologies by dementia status. The most frequent pathologies observed other than AD pathology were micro-infarcts and hippocampal sclerosis. Table 4 shows the percentages of dementia cases that could be prevented by the four intervention scenarios, both unadjusted and adjusted for education levels of the 90+ population in the U.S. We found very small differences between the adjusted and unadjusted percentages and discuss the adjusted rates. Scenario A-modest reduction (decrease only the highest levels of AD pathology to intermediate levels) was associated with only a 9.8% decrease in dementia prevalence (95% CI, 6-16 %). Scenario B-moderate reduction was associated with a 21.9% percentage reduction (95% CI, 17-23%), which was only slightly lower than the 23.7% reduction with scenario C-substantial reduction. Scenario D (complete elimination of AD pathology) was associated with a 50.7% decrease in dementia prevalence among the oldest-old (95% Cl, 46-64%).
The population over the age of 90 in the U.S. will grow by a factor of nearly 3.5 between 2015 and 2050. In the absence of new prevention interventions, the prevalence of dementia among the oldest-old is expected to increase from 1.35 million in 2015 to 4.72 million in 2050. Table 4 and Figure 1 show the impact of interventions to reduce AD pathology on prevalent dementia cases in 2015, 2030 and 2050; Ranges on the prevalence estimates are presented in Supplementary Table 1 . Scenario A which modestly reduces AD pathologies among persons at the highest levels averts about 0.466 million prevalent dementia cases in 2050. Scenarios B and C which reduce but do not eliminate AD pathology avert approximately 1.035 and 1.119 million dementia cases in 2050, respectively. Scenario D (complete elimination of AD pathology) potentially averts 2.392 million cases of prevalent dementia among the oldest-old in 2050. However, 2.323 million prevalent dementia cases will still remain after successful elimination of all AD pathology.
Discussion
We evaluated the potential impact of interventions that reduce AD pathology on dementia prevalence in the oldest-old. Our calculations incorporated reductions in Aβ deposits and neurofibrillary tangles in defining reductions of AD pathology. In the absence of any prevention interventions, the prevalence of dementia among the oldest-old in the U.S. will approach 5 million by mid-century which is nearly the current burden of dementia prevalence across all ages [22] . Moderate reductions in AD pathology would reduce dementia prevalence by approximately 22% and avert over 1 million dementia prevalent cases in 2050 among the oldest-old. If interventions completely eliminate AD pathology, then dementia prevalence would be reduced by approximately 50% and avert nearly 2.4 million prevalent dementia cases among the oldest-old in 2050. While elimination of AD pathology significantly reduces the burden of dementia, our results underscore that large numbers of dementia cases would still remain.
Our results refer specifically to the oldest-old and the associations between AD pathology and dementia prevalence may differ at younger ages [23] . We used the AD NIA Reagan criteria for AD pathology and it would be interesting to consider other criteria; for example, some criteria do not consider tangles alone as sufficient for AD pathology [24] . Furthermore, our results depend on critical assumptions. First, as with all clinicalpathological studies, the timing between development of AD pathology and dementia cannot be definitively established and we can only assume that pathology indeed leads to dementia. Second, we assumed that the intervention scenarios change only AD pathology and that other variables that predict dementia risk remain constant. While the assumption is reasonable for some variables such as gender and education, which would not change, it is possible that other brain pathologies (such as hippocampal sclerosis, micro-infarcts and amyloid angiopathy) may change in response to interventions. For example, if anti-Aβ interventions also reduce (or alternatively increase) levels of amyloid angiopathy, then the numbers of averted dementia cases reported here would be an underestimate (or alternatively an overestimate). Since amyloid angiopathy was not a significant predictor in our logistic regression models of prevalent dementia, violation of the assumption may not have a pronounced effect on our results (at least in the case of amyloid angiopathy).
Third, we assumed that regression models from observational studies can be used to predict accurately the risks of dementia among persons who receive interventions. Although similar assumptions underlie most attributable risk calculations [25, 26] , regression models from observational studies may be inaccurate for evaluating the impact of intervention scenarios. Consider for example anti-Aβ interventions. If the amyloid hypothesis of AD [27, 28] is incorrect and if Aβ deposition and the resulting AD pathology is not the proximate cause of dementia but only a by-product marker of the disease, then an anti-Aβ intervention that reduces Aβ burden and AD pathology but does not target the root cause of the disease would not necessarily decrease risks of dementia. We are assuming that the intervention scenarios are "disease modifying" by which we mean that the interventions have an effect both on the underlying patho-physiology of the disease and on the clinical course [29, 30] . The timing of anti-Aβ interventions appears to be critical [28, 31, 32] . Anti-Aβ interventions may be ineffective once persons reach symptomatic stages, but may be successful if given during pre-symptomatic stages before occurrence of significant brain damage. Interventions may be more successful in preventing pathologies rather than in reversing existing pathologies.
Fourth, our risk model was developed from the autopsied participants in The 90+ Study and may not accurately describe dementia risks of the entire 90+ population in the U.S. While the gender distributions were comparable, significant educational differences were observed. Accordingly, we adjusted for education. It may also be important to account for other differences such as the prevalence of vascular risk factors for dementia. Furthermore, participants in our study were almost exclusively Caucasian compared with 88% of the oldest-old in the entire U.S. As in all pathological studies, our data comes from autopsied participants, which are a selected subset. If certain brain pathologies are particularly lethal then those pathologies may be over-represented in the autopsied sample. Nevertheless, since our study is conducted among the oldest-old, who have very high death rates from many different causes, the impact of that potential source of bias may not be significant.
Fifth, we have not attempted to refine U.S. census projections to account for the fact that the interventions scenarios designed to reduce AD pathology may also increase the numbers of persons surviving to age 90. While census projections do attempt to model the calendar time trends of declining mortality rates, if those models overestimate future mortality rates then our estimates of the absolute numbers of oldest-old with dementia (as shown in Figure 1 ) will be too low. Furthermore, our calculations of the prevalence rates of dementia assume that the future populations of persons over age 90 would have the same distributions of brain pathologies as we have predicted from The 90+ Study with the various intervention scenarios.
Our estimates are also subject to sources of uncertainty in dementia case definition. Previous work has discussed the uncertainties in dementia prevalence estimates due to variation in case definition [33, 34] . It will also be helpful to replicate our study and to combine with other cohorts of the oldest old. Larger sample size will also increase power in the logistic regression modeling of dementia prevalence to aid in identifying interaction terms and other subtle effects.
We focused on the impact of AD interventions on total dementia prevalence in the oldestold. It would be useful to extend the work to assess the broader potential public health impact of AD interventions across all ages such as by calculating changes in the total disability adjusted life years associated with different intervention scenarios. In our study, we find that while AD interventions would significantly reduce by half the prevalence of dementia, other clinical and public health interventions need to address the burden associated with other dementing pathologies prevalent among the oldest-old.
Research in Context
Systematic Review
The authors searched PubMed for articles addressing dementia in the oldest-old. No study has quantified the impact of reducing Alzheimer's disease (AD) pathology on dementia prevalence among this group.
Interpretation
The prevalence of dementia among the oldest-old in the U.S. will approach 5 million by mid-century which is nearly the current burden of dementia across all ages. Moderate reductions in AD pathology would reduce dementia prevalence by 22% averting 1 million dementia prevalent cases in the U.S. in 2050. Complete elimination of AD pathology would reduce dementia prevalence among the oldest-old by 50% averting 2.4 million prevalent dementia cases in the U.S. in 2050.
Future Directions
While elimination of AD pathology would significantly reduce the dementia burden, our results underscore that large numbers of dementia cases would still remain. Interventions are needed to address the burden associated with dementias other than AD prevalent among the oldest-old. .641 a Not shown is another model in which each specific individual pathology (amyloid angiopathy, large infarcts, Lewy Body Disease, and other pathologies) was included as a separate indicator variable (instead of grouping them together in the single variable "any other pathology" as in Model 1. However, none of these pathologies was individually statistically significant (p>.15). In addition, age at death, education (college), APOE2 carrier and APOE4 carrier were included (not shown) but were non-significant in Model 1 (p>.20). The mean number of days between death and last follow-up was 156 days (median=118 days).
